Antibiotic resistance is medicine's climate change: caused by human activity, and resulting in more extreme outcomes. Resistance emerges in microbial populations when antibiotics act on phenotypic variance within the population. This can arise from either genotypic diversity (resulting from a mutation or horizontal gene transfer), or from 'adaptive' differences in gene expression due to environmental variation. Adaptive changes can increase fitness allowing bacteria to survive at higher concentrations of the antibiotic.
232 Antibiotic resistant bacteria are becoming a fixed part of many environments despite the 233 concentration of antibiotics often being very low (Hermsen et al. 2012) . We hypothesized that 234 exposure to some herbicides can shift the MSC to lower antibiotic concentrations leading to 235 competition between individuals with different physiological responses and thus providing an 236 environment in which genotypically resistant bacteria evolve.
237 Mixed cultures of E. coli were created to represent pre-existing antibiotic resistance 238 heterogeneity within natural environments. The phenotypic differences were created using 239 bacteria carrying isogenic plasmids with different alleles of tetA (Tet high , Tet low , Table 1 ). The 240 MIC for tetracycline of Tet low was 1.5 μg/mL and for Tet high it was 125 μg/mL. 241 Tet high and Tet low were competed in liquid LB, LB+Tet, and LB+Tet+Roundup media for about 242 42 generations. This herbicide lowers the antibiotic MIC (Fig. 1B) . The same concentration of 243 Roundup was used in combination with various concentrations of tetracycline, all of which were 244 below the MIC of Tet low . Roundup reduced tetracycline MIC for Tet low to 0.5 μg/mL, but growth 245 of Tet high was not affected for tetracycline concentrations up to 50 μg/ml, far above levels used in 246 this experiment.
247 The MSC, i.e. the concentration of tetracycline at which one strain started to dominate the 248 culture, was determined from the calculated selection coefficients. A positive coefficient 249 indicated selection for the more resistant strain. The selection coefficient was significantly 250 different for competitions in environments supplemented with ≥0.1 μg/mL tetracycline compared 251 to competitions in LB medium (Fig. 2) . Mixed cultures in LB+Tet+Roundup had significantly 252 different selection coefficients compared to the LB competitions beginning at a tetracycline 253 concentration of 0.05 μg/mL. 254 A reverse experiment was performed using Kamba instead of Roundup. This herbicide increases 255 the MIC of Tet low from 1.5 to 3 μg/mL. When Kamba was part of the environment, the selection 256 coefficient was significantly different from the competition in LB medium at a tetracycline 257 concentration ≥0.5 μg/mL, compared to ≥0.1 μg/mL in its absence (Fig. 2) . In both cases, MIC 258 for the Tet low strain and MSC moved in the same direction. 268 generations in a standard rich growth medium, liquid LB, and in LB supplemented with Cip, 269 Kamba, or Cip+Kamba. The experiment was similar to those described in the section "Acquired 270 resistance frequencies increase due to herbicide-induced increases in MIC", but here the 271 ciprofloxacin concentration was below MIC. The bacteria were then transferred to solid medium 272 supplemented with high levels of ciprofloxacin (≈ 2x MIC) and no herbicide, which was 273 permissive only to the growth of variants with acquired resistance.
274 The frequency of more resistant variants was the same for cultures grown in LB, LB+Kamba or 275 LB+Cip+Kamba (for both treatment combinations p > 0.2; Table 3 ). Therefore the ciprofloxacin 276 MSC was not reached under any of these conditions.
277 The frequency of more resistant variants recovered from the LB+Cip culture condition was about 278 10 5 times higher than the other three culture conditions (p < 10 -4 for all treatment combinations), (Table 1) with either different streptomycin (Str high , Str low ) or 285 tetracycline (Tet high , Tet low ) MICs were competed for about 40 generations. The frequency of 286 each strain after competition was measured. The concentration of the appropriate antibiotic did 287 not vary between cultures, but the concentration of herbicide did. Combinations were chosen that 288 lead to a decrease in MIC with the chosen herbicide, namely Str+Kamba, and Tet+Roundup.
289 There was no differential in the fitness of paired strains when they were co-cultured in standard 290 rich medium (Fig. 3 ). In cultures containing antibiotic but not supplemented with herbicide 291 neither strain had a fitness advantage, indicating that the antibiotic concentration was below 292 MSC. Likewise, the herbicide alone did not affect fitness except for a statistically non-significant 293 effect at the highest tested concentration of Roundup.
294 In each test, the combination of antibiotic and herbicide reduced MSC. The more resistant strain 295 invariably increased relative to the isogenic competitor in a herbicide dose-dependent manner 296 when both antibiotic and herbicide were in the environment. Selection coefficients were 297 statistically significantly different from LB medium at 183 parts per million acid equivalent 298 (ppm ae) Kamba and 311 ppm ae Roundup.
299 The observed fitness differential was due to the faster reproductive rate of the Str high and Tet high 300 strains in environments with sub-lethal concentrations of antibiotic for both strains in each pair.
301 This was shown by measuring the growth rate of the strains in monoculture rather than in 302 competition ( Supplementary Fig. S1 ). No differences were observed for the monoculture growth 303 rate (r) of matched isogenic pairs in LB medium, LB+antibiotic, or LB+herbicide (p>0.1 for all 304 combinations; Supplementary Fig. S1A and C) . Only in the combined LB+herbicide+antibiotic 305 treatment did strains with higher MICs have shorter generation times in monoculture than their 306 lower MIC counterparts (p=1.6x10 -5 (Kamba+Str) and p=4.7x10 -10 (Roundup+Tet)). 307 Significant differences in the carrying capacity of the environments for all treatment 308 combinations were observed for the matched strains exposed to Kamba+Str measured in 309 monoculture. The high MIC strain achieved higher final optical densities (p<2x10 -16 ;
310 Supplementary Fig. S1B ). In contrast, the Str low strain population grew to higher final optical 311 densities in LB, LB+Tet, and LB+Roundup treatments. In cultures with Roundup+Tet, Tet high 312 and Tet low had similar densities (p=0.24, Supplementary Fig. S1D ).
314 Discussion
315 In this study we report that when bacteria are simultaneously exposed to herbicides and 316 antibiotics, mutants with higher levels of resistance can evolve. In some cases, resistance evolved 317 100,000 times faster.
318 Herbicides can increase the MIC of some antibiotics. At what otherwise would be a lethal 319 concentration of the antibiotic, the bacteria can continue to reproduce. Each reproductive event 320 has a low but steady potential of producing a variant daughter with a higher MIC. We found that 321 these strains have a fitness advantage and accumulate differentially to their low MIC cousins.
322 Herbicides can also decrease the MIC of some antibiotics. At what otherwise would be a 323 concentration of antibiotic below the MSC, too low to have an effect on the fitness of two 324 bacteria differing in their MICs, we found that the bacteria with the higher MICs replaced the 325 bacteria with lower MICs. The shift in MSC seemed to be of a similar magnitude as the shift in 326 MIC observed for the lower MIC strain.
327 Finally, herbicides can also alter survival potential at some antibiotic concentrations but not 328 change the concentration to which the entire population is innately susceptible. In the case 329 presented here, MSC was shifted by the herbicides, but MIC was not. The herbicide mitigated 330 the selective pressure caused by the antibiotic, and no genotypes with higher resistance levels 331 established in the population. Although not tested, it is likely that in the reverse case, when MSC 332 is lowered by a substance, antibiotic resistance may arise at higher frequencies.
333 Our research shows that manufactured chemical products such as the herbicides can have a 334 complex effect on the evolution of antibiotic resistance. They did not replace antibiotics, but 335 could accelerate resistance evolution. Herbicides that reduce the MSC will be more effective at 336 stimulating resistance evolution at the lower ends of the antibiotic concentration gradient, while 337 herbicides that increase the MIC will be more effective at stimulating resistance evolution at the 338 higher ends. Ciprofloxacin resistant variants of E. coli BW25113 per generation a) p-value for comparison between the treatment condition and LB medium. Kamba was used at 1830 ppm ae, Cip was 0.025 μg/mL in liquid and 0.06 μg/mL in solid media.
